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ABSTRACT
We present the first results of applying Gaussian Mixture Models in the stellar kine-
matic space of normalized angular momentum and binding energy on NIHAO high
resolution galaxies to separate the stars into multiple components. We exemplify this
method using a simulated Milky Way analogue, whose stellar component hosts: thin
and thick discs, classical and pseudo bulges, and a stellar halo. The properties of these
stellar structures are in good agreement with observational expectations in terms of
sizes, shapes and rotational support. Interestingly, the two kinematic discs show sur-
face mass density profiles more centrally concentrated than exponentials, while the
bulges and the stellar halo are purely exponential. We trace back in time the La-
grangian mass of each component separately to study their formation history. Between
z ∼ 3 and the end of halo virialization, z ∼ 1.3, all components lose a fraction of their
angular momentum. The classical bulge loses the most (∼ 95%) and the thin disc
the least (∼ 60%). Both bulges formed their stars in-situ at high redshift, while the
thin disc formed ∼ 98% in-situ, but with a constant SFR ∼ 1.5M⊙yr
−1 over the last
∼ 11 Gyr. Accreted stars (6% of total stellar mass) are mainly incorporated to the
thick disc or the stellar halo, which formed ex-situ 8% and 45% of their respective
masses. Our analysis pipeline is freely available at https://github.com/aobr/gsf.
Key words: galaxies: stellar content - galaxies: structure - galaxies: kinematics and
dynamics - galaxies: fundamental parameters - methods: numerical
1 INTRODUCTION
The classification of observed galaxies into distinct types
has a long history (Sandage 1961). It is much more than
an abstract taxonomic exercise with many implications for
studies of poorly understood physical phenomena. Two
notorious examples are: the relation between supermas-
sive black holes (SMBHs) and their host galaxies, and
the determination of the dark matter (DM) halo profiles.
Currently, the general consensus is that SMBH masses
correlate tightly with the stellar velocity dispersion of
their host bulges (Ferrarese & Merritt 2000; Gebhardt et al.
2000; Ha¨ring & Rix 2004), implying that the two most prob-
ably co–evolve (but see also Jahnke & Maccio` 2011). Also
the kinematics of galaxy discs have a long history of be-
⋆ E-mail: obreja@usm.lmu.de
ing used to infer the underlaying dark matter distributions
(Rubin et al. 1980). Hence, an accurate theory on the forma-
tion of galactic stellar structures like discs and bulges would
invariably lead to tighter constraints on these puzzling phe-
nomena, apart from filling in the gaps on galaxy formation
models in general.
While in observations these structures are defined by
various luminosity profiles fitted to galaxy images (e.g.
van der Wel et al. 2012), as today there is yet no clear link
between them and the intrinsic, kinematically defined stel-
lar structures. A way to bridge this gap is provided by high
resolution galaxy simulations which have full information
on the stellar phase space (position and velocities), thus
allowing for a proper definition of the intrinsic kinematic
structures. Simulations can also be post–processed with ra-
diative transfer codes to create mock images that can be
subsequently analyzed as it is done for galaxy observations
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(e.g. Obreja et al. 2014; Guidi et al. 2016; Buck et al. 2017;
Bottrell et al. 2017). In this manner, it is in principle pos-
sible to search for a quantitative relation between the pho-
tometric morphology of a galaxy and its stellar kinematic
structures. Therefore, it is necessary to have the means of
robustly defining galactic stellar kinematic structures in sim-
ulations, which is precisely the aim of this work.
In Obreja et al. (2016, hereafter Paper I) we showed
how dynamic stellar discs can be separated from the
spheroids in galaxy simulations by using a clustering al-
gorithm in a multidimensional kinematic space. However,
galaxies are known to sometimes host a much larger
variety of stellar structures. The stars of the Milky
Way, in particular, are though to form several compo-
nents: a thin and a thick disc (Gilmore & Reid 1983), a
boxy/peanut bulge (Okuda et al. 1977), a nuclear star clus-
ter (Becklin & Neugebauer 1968), a bar (Hammersley et al.
2000) and a stellar halo (Searle & Zinn 1978). The evi-
dences for a classical bulge in the Milky Way are cur-
rently still debated (e.g. Bland-Hawthorn & Gerhard 2016).
In extragalactic studies, many of the nearby spirals seen
close to edge-on are better described by a two compo-
nent disc rather than by one (Dalcanton & Bernstein 2002;
Yoachim & Dalcanton 2006; Comero´n et al. 2011, 2014;
Elmegreen et al. 2017). The inner regions of observed galax-
ies also appear to sometimes host multiple bulges and/or
bars (e.g. Athanassoula 2005; Gadotti 2009; Aguerri et al.
2009; Nowak et al. 2010; Kormendy & Barentine 2010;
Me´ndez-Abreu et al. 2014). All these observational data en-
couraged us to improve the method described in Paper I to
be able to disentangle more then two kinematic components
in simulations.
In the current paper we present the result of apply-
ing this method to a simulated Milky Way, hereafter MW,
mass galaxy from the NIHAO sample (Wang et al. 2015).
We have done the same analysis for a total of 25 NIHAO
galaxies, ranging from dwarfs to galaxies a few times more
massive than the Milky Way, and found various combina-
tions of stellar structures. For this paper, however, we chose
one galaxy which resembles the Milky Way in a few im-
portant aspects, to exemplify how our pipeline works. The
results on the complete 25 galaxy sample are the subject of
an accompanying work (Obreja et al. 2018).
The particular galaxy we use as test case turns out to
have five stellar kinematic components: a thin and a thick
disc, a classical and a pseudo bulge, and a stellar halo,
with properties within the expected observational ranges
for shapes, velocities, rotational support and specific angu-
lar momenta. We also study the evolution of these properties
for the five components separately to learn more about their
formation patterns.
In recent years cosmological simulations have started
to achieve enough resolution to make it possible to study
galactic stellar structures (e.g. Scannapieco et al. 2010;
Brook et al. 2012; Aumer et al. 2013; Stinson et al.
2013; Christensen et al. 2014; Hopkins et al. 2014;
Marinacci et al. 2014; Schaye et al. 2015; Wang et al.
2015; Grand et al. 2017). In this light, we make our analysis
code freely available with the hope it will provide the means
for a self consistent study of the formation and evolution
of such structures across different simulation codes with
different numerical schemes and feedback implementations.
Figure 1. The surface mass density maps for the stars (left)
and the cold gas (right) in face-on (top) and edge-on (bottom)
projections for the galaxy g8.26e11. The white horizontal lines
represent the physical scale of 10 kpc.
This work is structured as follows. Section 2 presents
the method to search for stellar structures. The simulated
galaxy we are using as a test is described in Section 3. The
results of our method applied to this galaxy are analyzed
and discussed in Section 4. Section 5 gives the properties of
the stellar kinematic structures at redshift z = 0 in compar-
ison to the Milky Way, while Section 6 presents the results
of analysing the galaxy from an extragalactic point of view.
The evolution of the kinematic structures is given in Sec-
tion 7. Finally we summarize our results and highlight some
concluding remarks in Section 8.
2 GAUSSIAN MIXTURE MODELS APPLIED
TO GALAXY DYNAMICS
The most widely employed method to kinematically split
simulated galaxies was introduced by Abadi et al. (2003),
and is based on the distribution of stellar circularities (e.g.
Brooks 2008; Scannapieco et al. 2010, 2011; Brook et al.
2012; Martig et al. 2012; Kannan et al. 2015; Grand et al.
2017). The circularity parameter ǫ is the ratio between the
azimuthal angular momentum of a particle Jz , and the an-
gular momentum of a circular orbit having the same binding
energy Jc(E), where the z-direction is along the symmetry
axis of the galaxy.
Dome´nech-Moral et al. (2012) proposed another
method which uses not only the circularity parameter, but
also the binding energy of the particles E, and the angular
momentum component Jp defined as
−→
J p =
−→
J − −→J z, and
normalized also to the angular momentum of the circular
orbit. Here
−→
J is the total angular momentum of a stellar
particle.
These authors use the k-means cluster finding algorithm
MNRAS 000, 000–000 (0000)
Multiple kinematic structures in a NIHAO Milky Way 3
(Scho¨lkopf et al. 1998) with a given number of groups to
disentangle the stellar galaxy components in this 3D space,
(Jz/Jc(E), Jp/c(E), E). The k-means algorithm minimizes
the sum of squared distances for all cluster pairs, also known
as intra-cluster distance or cluster “inertia”. This method
needs to assume a certain metric, and even though it will al-
ways converge given enough iterations, it might be to a local
minimum. The main limitations of k-means are the assump-
tions of cluster convexity and isotropy. Therefore, k-means
is best suited for regular shaped manifolds and spherical
clusters that are approximately equally populated.
In Paper I we generalized the method of
Dome´nech-Moral et al. (2012) by using Gaussian Mix-
ture Models (hereafter GMM) instead of k-means, in
a similar 3D dynamical space. GMM is a probabilistic
method that results in a so called soft assignment of
particles to clusters, each particles having a normalized
probability to belong to a certain group. Same as the
k-means, it is an iterative method which employs an
expectation–maximisation algorithm to find the parameters
of the Gaussians. This method relaxes the assumption
of cluster symmetry, allowing for a fully free covariance
matrix. Also, since it uses the Mahalanobis distance to the
cluster centers (means of the Gaussians) as the minimiza-
tion criteria, it does not bias the results towards equally
weighted clusters. On the particular problem of separating
the dynamical components of a galaxy’s stars, it naturally
results in analogues of observed substructures like thin
and/or thick discs, classical- and/or pseudo-bulges, and/or
stellar haloes, with mass weights that are not constrained
to be roughly equal.
Throughout this study, the 3D dynamical space refers
to (jz/jc, jp/jc, e/|e|max), lower case letters denoting spe-
cific angular momentum and binding energy. The specific
binding energies are scaled to the absolute value of the en-
ergy of the most bound stellar particle in the halo |e|max.
Therefore −1 < e/|e|max < 0, and as such the galaxy/dark
matter halo mass dependence is factored out, as well as the
dimensionality of the energy. A crucial step between the pre-
vious and the present study is that the halo potential is now
recomputed assuming isolation. In this manner pathological
distributions of binding energy can be circumvented.
The complete analysis package, which we call galactic
structures finder or gsf, can be downloaded via
https://github.com/aobr/gsf. It is a Python-Fortran90
package based on pynbody (http://pynbody.github.io,
Pontzen et al. 2013) to load, orient and transform to phys-
ical units a simulation snapshot, and the scikit-learn
Python package for Machine Learning (Pedregosa et al.
2011) to run the clustering algorithm. An OpenMP For-
tran90 module was added to perform the direct N-body
gravity force using all the particles in the given halo. The gsf
analysis package assumes that the simulation snapshot has
been pre-processed with a halo finder. For this study we have
used Amiga Halo Finder (AHF, Knollmann & Knebe 2009).
The analysis package has been designed to work out of the
box with simulations that can be loaded with pynbody.
The work flow of gsf is as follows:
• The simulated halo is loaded with pynbody and con-
verted to physical units.
• The halo is oriented with the z-axis parallel to the
galaxy’s total stellar angular momentum.
• The gravitational potential at the position of each stel-
lar particle due to all (dark matter and baryons) particles
in the halo is computed by direct summation.
• The gravitational potential in the equatorial plane at
fixed radial positions is computed by direct summation over
all particles in the halo.
• At the same radial position on the equatorial plane, the
code computes the specific angular momentum of particles
on circular orbits, and constructs the e− jc mapping.
• The specific angular momenta of the stellar particles
are decomposed as ~j = ~jz + ~jp, and their corresponding jc
are computed by interpolating on the e−jc mapping the ac-
curate values of their binding energies calculated previously.
• The input feature matrix (jz/jc, jp/jc, e/|e|max) with as
many entries as stellar particles is passed to the clustering
algorithm together with the number of groups nk to look
for.
• The clustering algorithm returns a matrix of probabili-
ties Pik, where i is the stellar particle index and k runs from
0 to nk − 1. For each i the probabilities are normalized:
Σk=0,nk−1Pik = 1.
• The code creates two types of figures. The first one
contains the stellar mass distributions in the input parame-
ters jz/jc, jp/jc and e/|e|max for each of the nk structures
found by the clustering algorithm. The other type of figure
is made for each of the nk structure separately, and contains
the face-on and edge-on stellar surface mass densities, and
the edge-on line-of-sight velocity maps.
All the relevant information of a run is saved into various
files. This includes: the stellar indices i and the matrix of
probabilities Pik, the re-computed gravitational potential of
all stellar particles, the e − jc mapping, and the rotation
matrix needed to transform the raw simulation to the equa-
torial plane of the galaxy.
3 THE SIMULATIONS
The NIHAO suite (Wang et al. 2015) is a series of bary-
onic cosmological zoom-in simulations run with the im-
proved version (Wadsley et al. 2017) of the N-body SPH
code GASOLINE (Wadsley et al. 2004), assuming a standard
Planck cosmology (Planck Collaboration 2014). The version
of the code used for the run includes fixes to deal with the
artificial cold blobs (Ritchie & Thomas 2001) by employ-
ing the artificial viscosity implementation of Price (2008).
The SPH kernel is that of Dehnen & Aly (2012), assum-
ing 50 neighbors. In order to better resolve the shocks in-
duced by feedback the code uses the time step limiter of
Saitoh & Makino (2009). Metals are diffused as discussed in
Wadsley et al. (2008). The sources of gas heating are pho-
toionization and photoheating from a redshift dependent
UV background (Haardt & Madau 2012), while the cool-
ing channels are the metal lines and the Compton scat-
tering (Shen et al. 2010). Gas particles with temperatures
lower than 15000 K and densities higher than 10.3 cm−3
can form stars following a Kennicutt-Schmidt relation. Stel-
lar feedback takes into account two processes: the SNe II
blast-waves (Stinson et al. 2006) and the pre-heating of the
gas in the region where such a event will take place by the
MNRAS 000, 000–000 (0000)
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Figure 2. The results of gsf applied to the galaxy g8.26e11 shown as stellar mass in each component as a function of the dynamical
features given as input: jz/jc (top row), jp/jc (central row) and e/|e|max (bottom row), when varying the number of components from
nk = 2 (far left) to nk = 5 (far right). The solid and dashed colored lines stand for the hard and soft clustering tagging (see text for
more details), while the solid grey give the total stellar mass. The colored labels in each panel are the components’ nicknames. For all
panels the bin width is fixed to 0.01.
massive star which is the SN II progenitor (Stinson et al.
2013). The implementation of the latter process is also
known as “early stellar feedback”. The code assumes a
Chabrier Initial Mass Function (IMF; Chabrier 2003). The
heavy element enrichment of the gas is based on the SNe
Ia yields of Thielemann et al. (1986) and SNe II yields of
Woosley & Weaver (1995).
The NIHAO simulations cover three orders of magni-
tude in dark matter halo mass, from dwarfs to galaxies at the
peak of the baryon conversion efficiency. In this mass regime
the SN feedback is supposed to be the dominant factor lim-
iting star formation, while AGN feedback (not included in
this version of GASOLINE) should have only a marginal ef-
fect. All these galaxies indeed follow the redshift depen-
dent abundance matching constraints (Moster et al. 2013;
Behroozi et al. 2013), and thus can also be used to study
galaxy evolution. For the particular purpose of studying the
evolution of galactic stellar structures, we have chosen a sub-
sample of 25 NIHAO galaxies, which mainly comprises the
massive end of the complete sample. The reason we excluded
the simulated dwarfs is that it is generally not expected of
these types of galaxies to have a large variety of stellar dy-
namical subcomponents. Also, given that our method is in-
tended to work on virialized systems, we have excluded the
massive galaxies which at z = 0 have disturbed stellar mass
distributions.
The analysis presented in this work has, thus, been done
on a sample of 25 simulated galaxies, from which we chose
one galaxy (g8.26e11) to show how gsf is capable of disen-
tangling stellar kinematic structures with clear observational
counterparts. This particular galaxy has the total mass, stel-
lar mass and morphology very close to the Milky Way.
The galaxy g8.26e11 has a mass resolution of
3.2×105M⊙ and 1.7×106M⊙ for the gas and dark mat-
ter particles, respectively. Its gravitational softenings are
400 pc and 931 pc, respectively. At z = 0, this galaxy has
a dark matter halo mass of 9.0×1011M⊙, a stellar mass of
4.7×1010M⊙, and a viral radius of 213 kpc. The mass of cold
gas (T<15000 K) is 4.2×1010M⊙, while the virial fraction of
cold gas is 0.57. This galaxy, same as the complete NIHAO
sample, respects the Tully-Fisher (Tully & Fisher 1977) re-
lations for both stars and baryons (Dutton et al. 2017).
Figure 1 shows the face-on (top) and edge-on (bottom)
projections for the stellar (left) and cold gas (right) surface
mass densities of g8.26e11. This galaxy resembles a large
design spiral from the nearby Universe, as it can be appre-
ciated from the face-on gas projection.
MNRAS 000, 000–000 (0000)
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Figure 3. The edge-on surface mass density of the stellar components of g8.26e11 for nk = 2 (second row from the bottom) to nk = 5
(top row). The complete edge-on surface mass density is shown in the bottom left corner. The white bars give the 10 kpc physical scale,
and the white labels provide the correspondence with the same components shown in Figure 2. The range of mass surface densities is
the same for all panels.
4 THE STELLAR KINEMATIC STRUCTURES
OF A MILKY WAY MASS GALAXY
We start our study by showing how increasing the number
of components, nk, required by gsf, the search algorithm
naturally leads to dynamical stellar structures that can be
associated with the various components thought to be part
of observed galaxies, and particularly of the MW.
Figure 2 shows the results of running gsf for the galaxy
g8.26e11 when nk is increased from 2 to 5 (left to right),
by plotting the mass in each component as a function of
the input dynamical features, jz/jc, jp/jc, e/|e|max (top to
bottom). The different colors stand for the various compo-
nents, each being given a nickname, which is also shown in
the figure. The solid/dashed lines represent the hard/soft
clustering assignations. The soft tagging means that each
particle i has a certain combination of probabilities {P (i)k }
to belong to the GMM groups {k} with k running from 0 to
nk − 1, such that ΣkP (i)k = 1. The hard tagging associates
each particle i to the one group k for which P
(i)
k is maxi-
mum. Therefore, to construct the solid curves each stellar
MNRAS 000, 000–000 (0000)
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Figure 4. The edge-on line of sight velocities of the stellar components of g8.26e11. The white bars give the 10 kpc physical scale, and
the white labels provide the correspondence with the same components shown in Figures 2 and 3. All panels have the same velocity
range.
particle contributes all its mass to the one group to which
most likely belongs, while for the dashed curves each par-
ticle proportionally distributes its mass to the {k} groups
according to its probabilities {P (i)k }. The fact that the two
ways of tagging are so similar can be invoked as a good rea-
son for using the hard assignations, which is the case for the
rest of this study.
The results in Figure 2 are transformed to ‘observables’,
namely edge-on mass surface densities and velocity maps in
Figures 3 and 4, respectively, where nk decreases from top
down. The nicknames of the various components have been
chosen based on the maps in Figures 3 and 4. This manner
of choosing the name of the components is only feasible for
small sample of galaxies. We are currently exploring various
possibilities to perform this step automatically.
The circularity histogram for this galaxy has a strong
peak close to jz/jc = 1 and no other important feature (grey
curves in the top panels of Figure 2).
For the run with nk = 2, gsf distinguishes the mass un-
der the sharp circularity peak (dark blue) from the broad,
more symmetric distribution centered close to jz/jc = 0
(dark red), as can be appreciated from the top left panel.
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Looking at the same two components in the other two dy-
namical features (center and bottom left panels), the first
component (dark blue) is obviously more biased towards or-
bits in the equatorial plane, with a peak in jp/jc ∼ 0.1
than the second one (dark red), with an almost flat distri-
bution between jp/jc ∼ 0.1 and ∼ 0.8, and less gravitation-
ally bound (bottom left panel). The corresponding edge-on
mass surface densities and velocity maps in the forth rows
of Figures 3 and 4 for the two nk = 2 components given
by the dark blue and dark red distributions in the left col-
umn of Figure 2 show the expected characteristics of discs
and spheroids: axial symmetry and a spider velocity diagram
for the former versus spherical symmetry and only a small
amount of coherent rotation for the latter.
Increasing nk to 3, the material of the disc component
from nk = 2 is redistributed into two new components (cen-
ter left column of Figure 2), one containing only material
from the nk = 2 disc, while the other also encloses some of
the nk = 2 spheroid. The new component shown in light blue
gathers most of the least rotationally supported material of
the nk = 2 disc, jz/jc from 0 to ∼ 0.6 (far left and centre left
top panels), and the least gravitationally bound mass of the
nk = 2 spheroid (far left bottom panel). The new compo-
nent in light blue of the nk = 3 run has a large jp/jc range
[0, 0.9], while the corresponding component in dark blue is
now more confined to the equatorial plane (jp/jc < 0.45)
than the disk of nk = 2. As it can be expected from these
distributions, the new (light blue) component displays char-
acteristics of a thick disc in the corresponding maps in Fig-
ures 3 and 4 (third row), while the new ‘disc’ in dark blue
looks like a thin disc. The least rotationally supported com-
ponent in this case (dark red) is more compact than the
nk = 2 spheroid, as it can be appreciated from the third
rows of Figures 3 and 4, and as a consequence it is named
bulge.
In the nk = 4 case, third column of Figure 2 and second
rows of Figures 3 and 4, parts of the least rotationally sup-
ported material of the nk = 3 thick disc and of the nk = 3
bulge are redistributed into a more extended velocity dis-
persion supported component, namely a spheroid (orange
curves in Figure 2). This spheroid basically has no net ro-
tation and covers most of the binding energy range in an
uniform manner.
The largest value of nk used throughout this study is 5.
For the test galaxy g8.26e11, nk = 5 leads to an important
redistribution of all the material in the components with
large velocity dispersion support, including the thick disc.
The one stable component is the thin disc, whose definition
changes the least from nk = 3 to nk = 4, and finally to
nk = 5. The very interesting aspect of this case is that now
gsf is able to separate the stellar halo (magenta curves in
the right column panels of Figure 2), from the thick disc and
the spheroid of nk = 4. In the binding energy distribution,
the stellar halo encompasses all the mass in the discreet low
binding energy distribution peak and some material with
e/|e|max > −0.6. These two different features in the bind-
ing energy distribution of the stellar halo correspond to the
outer and inner components suggested by Milky Way obser-
vations (e.g. Carollo et al. 2007). From the circularity distri-
butions, all the three components at low and negative jz/jc
have some degree of coherent rotation, see also the edge-on
velocity maps in the top rows of Figures 3 and 4. Another
interesting fact from nk = 5 is the separation of the least
from the most plane confined dispersion supported material,
as it is evident from the dark red vs the red jp/jc distribu-
tions in the center right panel of Figure 2. Based on their
appearance in the corresponding ‘observables’ of Figures 3
and 4, the former is called classical bulge and the latter
pseudo bulge (Kormendy & Kennicutt 2004).
To sum up, the gsf run with nk = 5 for the galaxy
g8.26e11 results into a thin, a thick disc, a classical and a
pseudo bulge, and a stellar halo. In the next sections we show
that these kinematic structures agree to what theoretical
models suggest as well as display properties seen in real data.
5 THE SOLAR NEIGHBOURHOOD
PERSPECTIVE
To have a quantitative assessment of how similar g8.26e11
and the Galaxy are, Figure 5 shows the total circular ve-
locity profiles Vc(r) =
√
GM(< r)/r and the contributions
to it of the various stellar structures, gas and dark matter
(left panel), and the profiles of the discs and stellar halo
rotational velocities (right panel). We use small r to refer
to the 3D radius, and capital R for the projected one. Over
plotted in the left panel are the MW total circular veloc-
ities derived from observations of: masers associated with
massive young stars of Reid et al. (2014) (blue points), red
clump giant stars of Lo´pez-Corredoira (2014) (red points),
and blue horizontal branch star of Kafle et al. (2012). Given
the fact that g8.26e11 was not simulated on purpose to re-
semble the MW, the agreement between its total circular
velocity curve (thick black curve) and these observations is
quite remarkable for radii r > 5 kpc. At smaller radii, the
MW has the Galactic bar, which is responsible for the dip
in Vc at r ≃ 3 kpc as probed by the dynamics of the HI gas
(e.g. Sofue et al. 2009, and references therein). On the other
hand the simulated galaxy has no bar, but a classical and a
pseudo bulge, resulting in a purely rising Vc at r < 2.5 kpc.
In the right panel of Figure 5, the total circular veloc-
ity curve Vc of the simulated galaxy (thick black) is plotted
together with the rotational velocities Vφ of the thin and
thick stellar discs, stellar halo and cold gas. The rotational
velocity Vφ profiles are computed as mass-weighted averages
of V , where V is the component of a particle’s velocity along
the direction of local rotation in the cylindrical coordinate
reference frame of the galaxy’s center. We recall that the
simulation is oriented with the z-axis in the direction of the
total stellar angular momentum. The other two components
of a particle’s velocity in this reference frame are the radial
U and vertical W velocities. One important feature obvious
in this panel is that the total circular velocity is best traced
by the cold gas rotation (dashed orange curve), the thin
stellar disc (dark blue) having a ∼ 20 km s−1 lower Vφ. The
dark blue and light blue stars on the plot represent measure-
ments for the MW as published by Haywood et al. (2013) for
the solar neighbourhood thin and thick discs of 220 km s−1
and ∼ 170 km s−1, respectively, which are very close to the
corresponding values of Vφ at the solar radius R0 ≃ 8.2 kpc
from the simulation (218 and ∼ 166 km s−1, respectively). It
is important to note that Haywood et al. (2013) distinguish
the two MW discs based on the stellar ages and positions in
the [Fe/H]-[α/Fe] plane. The magenta star gives the approx-
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Figure 5. Left: the contributions to g8.26e11’s total circular velocity (thick black curve) of the various galaxy components (solid thin
and dashed curves): dark matter (black), stellar halo (magenta), classical bulge (dark red), pseudo bulge (red), thick stellar disc (light
blue), thin stellar disc (dark blue), and gas (dashed orange). The data points are observations of the Galaxy’ stars by Reid et al. (2014)
(blue), Lo´pez-Corredoira (2014) (red) and Kafle et al. (2012) (green), rescaled by Bland-Hawthorn & Gerhard (2016) to 238±15 km s−1
at R0 = 8.2 kpc. At radii r > 5 kpc, the total circular velocity of g8.26e11 is in very good agreement with the MW observations. Right:
the radial profiles of the rotational velocities Vφ for the thin (dark blue) and thick (light blue) stellar discs, the stellar halo (magenta)
and the cold gas (dashed orange), and the total circular velocity of g8.26e11 (thick black curve). The coloured star symbols at R = R0
give the MW observed rotational velocities in the solar neighbourhood of: the stellar halo (∼ 40 km s−1, magenta, Bond et al. 2010),
and of the thin and old thick stellar discs (220 km s−1 and 170 ± 16 km s−1 in dark and light blue respectively, Haywood et al. 2013).
The black star symbol represents the circular velocity at the Sun’s position (238 ± 15 km s−1, Bland-Hawthorn & Gerhard 2016, and
references therein).
imate stellar halo rotation at R0 (Bond et al. 2010), while
the black star is the solar value of Vc(R0) ≃ 238 km s−1
(Bland-Hawthorn & Gerhard 2016, and references therein).
One way to quantify a disc’s thickness is through the
vertical velocity dispersion. To compare the two discs of the
simulated galaxies with the MW results, we selected a so-
lar neighbourhood as |R − R0| < 2 kpc and |z| < 2 kpc.
The velocity dispersion in the vertical direction σW of the
g8.26e11’s thick disc at R0 is 73 km s
−1 and of the thin disc
is 29 km s−1. The various studies of the MW did not yet
converged on one value for each of the two discs’ σW given
the differences in the surveys selection functions, sky cov-
erages, dynamical modeling, and thin/thick definition. For
the MW thick disc, Robin et al. (2017) found values as low
as 27 km s−1, while Binney (2012) obtained σW in the range
[31,65] km s−1. Robin et al. (2017) also found the lowest val-
ues for the MW thin disc, between 6 and 20 km s−1, while
Binney (2012) found values in the range [20,27] km s−1.
We can therefore conclude that g8.26e11 is a realistic MW
analogue from the point of view of the solar neighbourhood
stellar population dynamics.
Globally the stellar mass of g8.26e11 is distributed as
follows: 21% in the thin disc, 33% in the thick disc, 25%
in the classical bulge, 14.5% in the pseudo bulge, and the
remaining 6.5% in the stellar halo. Therefore, from a dy-
namics point of view, g8.26e11 has a bulge-to-total (B/T )
mass ratio of 0.46, summing up the contributions of the
two bulges and the stellar halo. For comparison, the Milky
Way is estimated to have B/T ≃ 0.30 (see review by
Bland-Hawthorn & Gerhard 2016).
6 THE SIMULATED GALAXY SEEN AS AN
EXTRAGALACTIC OBJECT
In external galaxies, however, the profiles of Vφ, as shown in
the right panel of Figure 5, can not be directly measured.
For extragalactic objects the kinematic information comes
instead in the form of line-of-sight velocity vlos fields like the
one shown in the bottom row of Figure 4 for the total stellar
population of g8.26e11.
In order to compare the simulation with observed exter-
nal galaxies, radial profiles of line-of-sight velocity vlos were
extracted along the major axis (horizontal) in Figure 4, us-
ing a slit of 1.6 kpc width. The left panel of Figure 6 shows
the radial profiles of vlos for the thin (dark blue) and thick
(light blue) discs, stellar halo (magenta), all stars (grey) and
cold gas (orange) of the simulated galaxy g8.26e11. One of
the first thing to notice in this panel is that the vlos profiles
for both thin disc (dark blue) and all the stars (grey) are flat
after R & 5 kpc, the former saturating at 174±5 km s−1 and
the latter at 149±4 km s−1. A similar trend can be observed
for the stellar halo which saturates at vlos = 44± 15 km s−1
On the contrary, the thick disc has a line-of-sight velocity
profile declining with the radius, on average ∼ 50 km s−1
lower than that of the thin disc. In observed external galax-
ies the vlos of the stellar haloes can not be measured at such
small radii (R < 25 kpc) given that the convolved velocity
is heavily dominated by the disc(s), and that stellar haloes
are much fainter than the central components.
We also note that the vlos profiles for the thin and thick
discs are significantly below their corresponding Vφ at all
radii R. The same is true for the cold gas. These differences
in rotational velocities can have important consequences on
what is inferred from observational studies on the intrinsic
stellar distribution, and consequently on the inner dark mat-
ter halo mass estimates. What is typically accessible in ob-
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and dashed lines in the right panel give the edge-on and face-on
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servations of extragalactic stellar velocity fields are absorp-
tion lines produced mainly in the atmospheres of young stars
(e.g. Yoachim & Dalcanton 2008; Martinsson et al. 2013).
However, if the rotational velocity profiles derived in this
manner are assumed to be a characteristic of the full stellar
distribution, the galaxies will be taken to be more dynami-
cally cold, i.e. discy, than they truly are. Therefore, we think
that circular velocities of external galaxies derived from gas
and/or stellar kinematics might also be significantly under-
estimated. Quantifying this bias is, however, beyond the
scope of this paper.
The right panel of Figure 6 shows another galaxy ob-
servable, the vertical velocity dispersion σz profile. The thin
and thick discs, all stars and cold gas vertical velocity dis-
persions are given by the dark blue, light blue, grey and or-
ange curves, respectively. As expected of thin stellar discs,
the vertical velocity dispersion σz profile decreases slowly
with radius, and can be approximated as a constant of
∼ 25 km s−1. The thin disc σz(R) looks very different than
the one of the whole galaxy, which is much better approx-
imated by the thick disc at R > 5 kpc. The thick disc
σz(R) decreases approximately linearly with the projected
radius, from ∼ 75 km s−1 at R ∼ 5 kpc to ∼ 20 km s−1
at R ∼ 20 kpc. The central peak of the whole galaxy’s
σz(R) is produced by the bulge components and reaches
∼ 120 km s−1 in the very center. The cold gas’ σz decreases
approximately linearly between ∼ 50 km s−1 in the cen-
ter to ∼ 10 km s−1 at R = 5 kpc, after which it stays
constant. Overall, from both normalization and the shape
of the edge-on line-of-sight velocity profiles and vertical ve-
locity dispersion profiles, g8.26e11 resembles the observed
galaxy UGC 00448 after correcting it for inclination effects
(Appendix D of Martinsson et al. 2013). UGC 00448 is a
less massive galaxy than the simulated one, with a stellar
mass of 1.9± 1.0× 1010M⊙ derived using the HI line width
of Staveley-Smith & Davies (1988) and the Tully-Fisher re-
lation of Dutton et al. (2017).
Figure 7 gives the total stellar surface mass density Σ
profile (grey curves) in both edge-on (solid grey) and face-
on (dashed grey) perspectives. To recover this type of profile
from photometry of observed galaxies, one has to assume a
mass-to-light (M/L) ratio(s). The same panel also shows
the corresponding profiles in both perspectives for all five
stellar kinematic components. The total stellar surface mass
density is peaked in the centre (R < 5 kpc) and well fitted
by an exponential at larger radii (5 < R < 25 kpc), with
scalelengths Rd of 3.5±0.1 and 4.1±0.1 kpc in edge-on and
face-on perspectives, respectively. For comparison, the scale-
length of UGC 00448 in the K-band face-on corrected profile
is 3.9±0.2 kpc (Martinsson et al. 2013). UGC 00448 shows a
very similar radial light distribution to g8.26e11 stellar mass
one, with a central peak and a purely exponential profile for
R > 4.3 kpc. This observed galaxy is classified as SABc.
Looking at the contributions of the five components
to the Σ(R) in edge-on perspective, the two discs extend
all the way to R = 0, but do not have purely exponen-
tial profiles. The disc peak in the centre is a behavior
expected from the evolution of thin discs that conserve
their angular while reaching for their minimum energy state
(Lynden-Bell & Kalnajs 1972). In face-on perspective the
two disc types have a dip in the centre. These dips are a
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Figure 8. The assembly of baryons and dark matter along the
main branch of the merger tree. The thick black curve and the
coloured solid ones show the evolution of the dark matter halo
mass normalized to its value at z = 0 and of the normalized
progenitor baryonic masses inside the viral radius along the main
branch of the merger tree for the z = 0 components of g8.26e11.
The thick dashed black curve represents the evolution of the dark
matter halo specific angular momentum jh normalized to its final
value.
direct consequence of the GMM algorithm which associates
very small probabilities for particles in the very inner re-
gion to belong to the discs. Fitting with an exponential the
profiles for the two discs in the range 5 < R < 25 kpc, we
obtained scalelengths Rd of 3.5 ± 0.1 and 3.4 ± 0.1 kpc for
the thin and thick discs in edge-on perspective, and 4.3±0.1
and 3.9± 0.1 kpc in face-on perspective, respectively. In the
case of the Galaxy, the two discs have Rd in a similar range,
Rd = 2.7− 3.7 kpc (e.g. Piffl et al. 2014; Sanders & Binney
2015; Binney & Piffl 2015).
Interestingly, the three components supported by
random motions in both face-on and edge-on perspec-
tive, namely the classical and pseudo bulges and the
stellar halo, show purely exponential profiles. Though
this is expected of structures like low mass spheroidal
galaxies (Graham & Guzma´n 2003; Koda et al. 2015;
van Dokkum et al. 2015) or pseudo bulges (Fisher & Drory
2008; Gadotti 2009), it is not generally expected of
classical bulges, which are thought to have Se´rsic in-
dices nS > 2. However, other authors like for example
Andredakis & Sanders (1994) or Andredakis et al. (1995)
have argued that bulges cover a continuous range in profiles
from purely exponential to highly centrally concentrated
ones.
If one would try to fit Σ(R) of all stars, a combination of
an exponential and a Se´rsic profiles, or even a Se´rsic profile
only would suffice. The observational bias towards large nS
for bulges can be partially explained by the expectation that
the disc is purely exponential and reaches the center. This
requirement for the disc forces the central component to a
concave fitting function, i.e. a large nS. However, the param-
eters resulting from such fits can severely bias the conclu-
sions drawn on galaxy formation (e.g. Mosenkov et al. 2014;
Bernardi et al. 2014).
7 FORMATION OF STELLAR STRUCTURES
In order to provide a link with the dark matter halo evolu-
tion, Figure 8 shows the dark matter mass (thick solid black)
and specific angular momentum (thick dashed black) build
up along the main branch of the merger tree. Both quantities
are normalized to their respective values at z = 0. The figure
also gives the normalized progenitor baryonic masses inside
the viral radius along the main branch of the merger tree for
the z = 0 components of g8.26e11 (thin coloured curves).
The baryonic mass assemblies look like step functions, while
the dark matter halo mass growth is very smooth, with only
one small jump at z ∼ 1.6, which marks the transition from
a large growth rate to an ever decreasing small one. This
small step represents the last important merger at the dark
matter halo scale. The major merger at z ∼ 1.6 brings in
almost half of the final baryonic mass of the thin disc, but
less than 10% of the classical bulge mass. Also, from the
thick dashed black curve, this merger is responsible for a
large fraction of the dark matter halo spin, > 60%.
Figure 8 supports the idea that the kinematic struc-
tures themselves also get assembled in the same temporal
sequence as their mass gets transformed into stars. Basically,
the classical bulge forms first, followed by the pseudo bulge,
then by the thick disc and later by the thin disc. In this
perspective, the stellar halo does not fit into this sequence,
showing a much more syncopated assembly pattern. Count-
ing the large jumps in the baryonic mass assembly of the
stellar halo (magenta curve) one can say that almost 80%
of its progenitor material came in with the minor mergers
at z ∼ 3.5 and 0.8 and with the major merger at z ∼ 1.6.
This behaviour together with the significant jumps in the
its corresponding normalized stellar mass (magenta curve)
is a clear indication that a large fraction of this ∼ 80% stel-
lar halo progenitor mass came inside rvir as already formed
stars.
Figure 9 shows the star formation rate, hereafter SFR,
(right) and the normalized stellar masses inside the viral
radius along the main branch of the merger tree (left) for the
z = 0 components of g8.26e11. The SFR of the whole galaxy
in grey shows a prominent peak between z ∼ 3 and z ∼ 2, a
fast decrease in intensity between z ∼ 2.5 and z ∼ 0.9, and
a much slower decrease afterwards down to a z = 0 value
of ∼ 2M⊙yr−1. Over plotted in cyan is the reconstructed
SFR history for a MW mass galaxy of van Dokkum et al.
(2013). This observationally derived SFR history resembles
well both the shape and the normalization of g8.26e11 (grey
curve), apart from a slight shift of the simulation’s SFR
towards earlier times.
Looking at the five components separately, the three
dispersion supported ones show clear high redshift, z > 2,
SFR peaks, and very little (the two bulges) to no SFR (the
stellar halo) after z ∼ 1. The thin disc grows its stellar mass
at an approximately constant rate of 1.5M⊙yr
−1 only after
the peaks of the bulges and of the stellar halo. The thick
disc, on the other hand shows more similarities with the
dispersion dominated components than with the thin disc,
although it reaches its maximum SFR later on, and the de-
crease at lower redshifts is more gradual. The fact that the
thick disc forms most of its stars at early times is in agree-
ment with the scenario proposed by Brook et al. (2004), who
found that the disc stars with higher vertical velocities tend
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Figure 9. The evolution of the normalized stellar masses inside the viral radius along the main branch of the merger tree (left) and
the star formation rate histories for the components of g8.26e11. The normalizations of each component (left) is done with respect to its
corresponding stellar mass at z = 0. The thick cyan curves are the corresponding parameterizations of van Dokkum et al. (2013) for a
MW mass galaxy, while the thick dashed cyan ones are their extrapolations to higher redshifts. The colored numbers after each name in
the right panel give the half stellar mass formation redshifts z1/2.
to be preferentially born during the high redshift epoch of
frequent, chaotic mergers.
The formation times of the stars in the five kine-
matic structures of g8.26e11 show a clear trend. The col-
ored numbers in the upper right corner of the SFR panel
of Figure 9 give the components’ half stellar mass forma-
tion redshifts z1/2. These values tell the story of a stellar
mass formation sequence, with the stars of the halo form-
ing first (z1/2 = 2.15), followed by those of the classical
bulge (z1/2 = 2.13), the pseudo bulge (z1/2 = 1.79), the
thick disc (z1/2 = 1.35) and finally those of the thin disc
(z1/2 = 0.57). The z1/2 = 1.46 of the whole galaxy is in
between the pseudo bulge and the thick disc values. This
sequence, however, does not necessarily imply that the kine-
matic structures themselves formed, understood as in ‘got
assembled’, in this order.
The left panel of Figure 9 represents the stellar mass as-
sembly for the various components of g8.26e11. The thin disc
and the two bulges show smoothly increasing curves, sug-
gesting that the SFR occurred in-situ for these three stellar
structures. Interestingly, this formation pattern for classi-
cal bulges disfavours the merger scenario (e.g. Aguerri et al.
2001) in the particular case of this simulated galaxy. The
thick disc, however, shows a relatively large jump at the
same redshift z ∼ 1.6 of the largest jump visible for the stel-
lar halo. These feature are a clear indication of a merger,
which results in the stars of the infalling object to be incor-
porated later on to either the thick disc or the stellar halo
of the main galaxy. Globally, the stellar halo has the largest
fraction of stars born ex-situ (45%), followed by the thick
disc with 8%, and finishing with the thin disc with only 2%.
Both classical and pseudo bulges of this galaxy formed all
their stars in-situ.
Same as for the SFR, we over plotted in the left panel
of Figure 9 the observationally constrained stellar mass as-
sembly for a MW mass galaxy of van Dokkum et al. (2013)
(cyan curve). This observational curve is relatively close to
the grey curve representing the global evolution of the simu-
lated galaxy. At closer inspection, the component most sim-
ilar to the observations is the thick disc. Therefore, g8.26e11
not only resembles the MW at redshift z = 0, but also has
an assembly/SFR history history very similar to what the
observational study of van Dokkum et al. (2013) suggests.
This plot shows clearly a stellar mass assembly sequence
very similar to the SFR history one, excluding the stellar
halo. The stellar halo of g8.26e11 is to a great extent a prod-
uct of mergers.
7.1 Evolution of spins, sizes, shapes and
rotational support
The properties of the kinematic structures of g8.26e11 de-
scribed before refer to the galaxy at redshift z = 0. For the
study of the various properties’ evolutions we trace back the
Lagrangian mass defined at z = 0 as belonging to either one
of the kinematic components, or to the galaxy (stars) as a
whole. The aim is to quantify how the five kinematic com-
ponents of g8.26e11 evolve in the properties that discrimi-
nate among them, namely: sizes, shapes, angular momenta
and rotational support. All these quantities are computed
in physical units.
For each component k at a given time t, we first cal-
culate its center of mass position ~rk(t), and velocity ~vk(t),
using all the baryon particles {i} that are progenitors of the
stellar particles of component k at z = 0, {i}(t)⇔ k(z = 0),
and update the positions ~ri(t), and velocities ~vi(t) with re-
spect to center of mass reference frame. The masses mi(t)
used for the particles {i} at any time, are their correspond-
ing stellar masses from z = 0, mi(t) = mi(∗)(z = 0). In order
to have a more straightforward interpretation of the dynam-
ical quantities’ evolutions the orientation of the simulation
box at each time step is kept fixed, such that the z-axis is
parallel to the total stellar angular momentum of the galaxy
at redshift z = 0.
We use the term size to refer to the 3D half mass radius
r50(k; t), and the term shape for the ellipticity defined as:
ε(k; t) = 1− c(k; t)
a(k; t)
, (1)
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where the semiaxes a and c are computed from the eigenval-
ues E1 6 E2 6 E3 of the inertia tensor Ijl(k; t) of the parti-
cles {i}(t), following Gonza´lez-Garc´ıa & van Albada (2005).
The inertia tensor is defined as:
I
(k)
jl =
∑
i∈(k)
mi(δjlr
2
i − xjxl), (2)
with j and l looping over the Cartesian coordinates. The
semiaxes a > b > c are computed from:
a2 + b2 + c2 = 5(E1 + E2 + E3)/2
a2/b2 = (E3 + E2 − E1)/(E1 + E3 − E2)
a2/c2 = (E3 + E2 − E1)/(E1 + E2 − E3)
(3)
The specific angular momentum j(k; t) will be referred
to as spin of the component k, given that it is computed with
respect to the reference frame of the particle group {i}(t):
j(k; t) =
|∑i∈(k) mi~ri(t)× ~vi(t)|∑
i∈(k)mi
, (4)
To estimate the amount of rotational support we use
the velocity dispersion fraction fσ(k; t) defined as:
fσ(k; t) = 1− 3σz(k; t)
2
σ(k; t)2
. (5)
For a group of particles with isotropic velocities in their own
reference frame, we expect this fraction to be zero because
σz ≃ σ/
√
3. If the velocities of the particles are instead
confined to the xy-plane, σz ≃ 0, and the fraction should be
one. We use fσ to estimate the rotational support as opposed
to the more conventional v/σ (Davies & Illingworth 1983)
because the latter can not be employed at high redshift,
where the Lagrangian masses of the components extend way
outside the virial radius of the progenitor halo.
The colored curves of Figure 10 show the evolutions
of the spins (top), sizes (centre top), shapes (centre bot-
tom) and velocity dispersion fractions (bottom) for the La-
grangian masses of each of the five kinematic components
of g8.26e11. The grey curves give the corresponding evolu-
tions of all the stellar particles of the galaxy at z = 0, while
the black ones represent the Lagrangian mass of the z = 0
dark matter halo. Both spins and sizes have been normalized
to their respective maximum values to ease the comparison
between the various galaxy components.
At early epochs the spins of all components grow ap-
proximately linearly with time until they reach their max-
imum values, at redshifts around 3. This early behavior
reproduces well the predictions of the tidal torque theory
(Hoyle 1951; Peebles 1969; Doroshkevich 1970; White 1984),
which links the angular momentum acquisition in proto-
galaxies with the torques induced upon each other by neigh-
bouring collapsing regions of the universe. In this framework,
a collapsing region is expected to attain its maximum an-
gular momentum when it reaches its maximum extent and
its evolution decouples from the universal expansion. In the
spherical collapse model, this time is called turn-around.
Therefore, we can identify the beginning of the g8.26e11
halo collapse with this turn-around redshift, zturn ∼ 3. Af-
ter this time, all components lose part of their angular mo-
menta, with the dark matter losing only ∼ 30%, while the
two bulges lose more than 95%. Among the five kinematic
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Figure 10. Evolutions of the normalized spins (top), normal-
ized sizes (centre top), shapes (centre bottom) and vertical veloc-
ity dispersion fractions (bottom) for the various components of
g8.26e11. The quantities plotted have been calculated by tracing
back the Lagrangian mass of each kinematic group separately.
The black lines in all panels show the corresponding evolution of
the same property for the z = 0 dark matter halo Lagrangian
mass.
components, the thin disc loses the least, ∼ 60%. A qualita-
tively similar specific angular momentum evolution has been
shown by Domı´nguez-Tenreiro et al. (2015) for the dynami-
cal disc and spheroid components of two simulated galaxies.
As we already showed in Section 5, the total circular
velocity Vc of the simulated galaxy is very similar to that
of the MW. Also its rotational velocities Vφ for its various
stellar components are in very good agreement with MW
observations in the solar neighbourhood, while the disc(s)
scalelengths are in agreement with both MW and external
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galaxy measurements. In the light of these results, the loss
of angular momentum we found is a genuine property of the
baryonic collapse and assembly, and not an effect of the so-
called ‘angular momentum problem’ (Navarro & Steinmetz
2000), which affected earlier generations of simulations. This
problem has largely been solved by improving the numeri-
cal schemes (e.g Serna et al. 2003), increasing the resolution
(e.g Governato et al. 2004) and implementing feedback pro-
cesses (e.g. Okamoto et al. 2005).
The merger at z ∼ 1.6 is easy to identify in both the
sizes evolution plot (centre top of Figure 10) and the shapes
one (center bottom). This epoch marks the halo virializa-
tion, zvir ∼ 1.3, as exemplified by the dark matter r50 reach-
ing its equilibrium value, and by the sharp dips in the evo-
lution of the thin disc’s and classical and pseudo bulges’
shapes, ε. The collapse of the various kinematic components
follows the same sequence as their SFR histories, with the
classical bulges being first and the thin disc last. Same as
before, the stellar halo does not follow the evolution of the
other kinematic components, instead resembling more the
dark matter, i.e. the wiggles in the size evolutions of the
stellar halo and the dark matter halo are correlated.
All five kinematic components of g8.26e11 lose angular
momentum faster between zturn ∼ 3 and zvir ∼ 1.3 than
later on. With the exception of the thin disc, the other four
also form a large fraction of their stars during the same
epoch. These stars are thus formed in a highly turbulent
environment, i.e. the collapsing dark matter halo(es), where
the gravitational potential varies on short timescales. This
suggests that the dominant physical process responsible for
the stellar loss of angular momentum during this time is
violent relaxation (Lynden-Bell 1967). Asymmetries of the
gravitational potential generated by mergers also provide an
efficient mechanism to transfer the gas angular momentum.
Gas can also lose angular momentum through dynamical
friction (Chandrasekhar 1943; Leeuwin & Combes 1997), a
physical process whose effects in simulations depend both
on the resolution and on the numerical algorithms employed
(Semelin & Combes 2002).
One possible explanation for the little loss of angular
momentum by the thin disc component is its progenitor gas
being part of the hot halo previous to its arrival on the
equatorial plane (Athanassoula et al. 2016). Peschken et al.
(2017) find in prepared merger simulations that this seems
to be the case, the angular momentum of the discs increas-
ing with time at the expense of the angular momentum of
the gaseous halo (Eggen et al. 1962). While the progenitor
gas of the thin kinematic disc of g8.26e11 might have passed
through the hot halo phase, our results suggest that the
main cause for its angular momentum conservation is sim-
ply the fact that a large part of this material accretes onto
the galaxies at times when the dark matter halo is already
virialized, and as such there is no physical mechanism that
is able to alter it considerably.
In the bottom two panels of Figure 10 we estimate how
much disc-like in shape (ε close to 1) and in rotational sup-
port (fσ close to 1) the five components, the whole galaxy
and the dark matter halo are. At high redshifts all compo-
nents have high values of ε because their material is part
of the filamentary large scale structure. As the dark matter
gets assembled, its shape evolves towards spherical symme-
try (ε ∼ 0) and its rotational support settles to zero, as ex-
pected. For all baryonic components shown, from zturn ∼ 3
to zvir ∼ 1.3 the shapes evolve towards spherical symmetry,
while the rotational support increase. After zvir, different
behaviors emerge. The material of the classical bulge loses
all its rotational support, ending up as a velocity disper-
sion dominated system with a small ellipticity ε ∼ 0.2. The
pseudo bulge and the thick disc show almost no evolution
between zvir ∼ 1.3 and z = 0, the final ellipticity of the for-
mer being ∼ 0.45 and of the latter ∼ 0.65. The thin disc on
the other hand increases its ε up to ∼ 0.85 and its fσ up to
one. From these two physical properties at z = 0 it clearly
qualifies for the nickname of ‘thin disc’.
7.2 A visual perspective on the assembly of
stellar structures
In order to have a visual impression on the different evolu-
tionary paths of the g8.26e11 kinematic components, Fig-
ure 11 shows a redshift sequence (left to right) of the spa-
tial distribution of the baryonic particles comprising each of
them (top to bottom). The numbers f in the bottom right
corner of each panel give the total stellar mass fractions of
the particular component shown at each corresponding red-
shift. The normalization of f is done with respect to the
total baryonic mass of each component separately. For e.g.,
at z = 3 only f = 1% of the thin disc progenitor material
has already been converted to stars. At z = 3 (left column)
the classical bulge material (second row) occupies the dens-
est regions of the large scale filamentary structure feeding
the dark matter halo, while the thin disc material (bottom
row) is the most diffuse one. As the evolution proceeds, the
thin disc is the last in collapsing, without considering the
stellar halo which takes a long time to assemble the stars in
the tidally disrupted small satellites.
Considering these projections together with the evolu-
tion of the stellar and baryon fractions in Figure 9, it appears
that both the thin and the thick discs form partially from
material that comes in as gas part of the large scale baryon
filamentary structure which contracts and collapses. On the
other hand the two bulges and the halo seem to accrete most
of their mass through mergers, understood as through co-
alescence of already formed structures. However, from Sec-
tion 7 we know that the star formation occurs mostly at
high redshift and completely in-situ for the two bulges (see
Section 7). This means that their progenitor material from
the infalling smaller galaxy at z = 2 sinks to the centre of
the main galaxy in gaseous form and is subsequently trans-
formed into stars. The stars of this infalling galaxy end up
making part of the two stellar discs at redshift z = 0, espe-
cially the thick one, and of the stellar halo.
8 SUMMARY AND CONCLUSIONS
We use one simulated Milky Way analogue (g8.26e11) from
the NIHAO suite of galaxies (Wang et al. 2015) to show
how Gaussian Mixture Models in the stellar kinematic space
of normalized specific angular momentum – binding en-
ergy (jz/jc, jp/jc,e/|e|max) can disentangle a large variety
of galactic stellar structures.
MNRAS 000, 000–000 (0000)
14 Obreja et al
Figure 11. The spatial distribution evolution of the progenitors (gas + stars) of the five stellar kinematic components of g8.26e11. The
dashed circles represent the virial radii at each redshift shown in the top left. The numbers f shown in the bottom right corners of
each panel give the corresponding fraction of the total progenitor mass already in stellar form at that particular redshift. All panels are
centered on the center of mass of the progenitor dark matter halo at the corresponding redshift. The projection is the same across all
redshifts, set as the yz−plane of z = 0. The physical scale is 462 kpc/side.
8.1 Galactic structure finder
The analysis pipeline galactic structure finder (gsf)
can be applied to any simulated galaxy in equilibrium state
to disentangle the fine structure of its stellar distribution
(thin/thick discs, classical/pseudo bulges, stellar haloes,
spheroids, inner discs/bars). The code calculates the N-body
gravitational potential for a halo in isolation in order to cor-
rectly compute the stellar circularities. These circularities
jz/jc together with the normalized stellar angular momenta
in the equatorial plane of the galaxy jp/jc and with the nor-
malized stellar binding energies e/|e|max are used as input
space for the Gaussian Mixture Models clustering method.
The only input parameter needed to run gsf is the number
of Gaussians nk. The nk parameter depends on the problem
one wants to study and on the resolution of the simulation.
We used gsf on a sample of 25 high resolution galaxies
( 106 particles per halo) ranging from dwarfs to objects a few
times more massive than the Milky Way (Wang et al. 2015)
to study the properties of stellar structures like thin/thick
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discs, stellar haloes, etc, as well as their formation history. In
this simulated galaxy sample, the low mass objects have only
two dynamically distinct components: a disc and a spheroid.
Driven by the quest to disentangle stellar haloes, we found
the more massive galaxies to host up to five distinct compo-
nents. In the present study we exemplify how gsf works on
a simulated Milky Way analogue.
For this study, the so-called optimal number of stel-
lar components has been chosen by visual inspection of the
surface mass density and line-of-sight velocity maps. Au-
tomatizing this part is a work in progress, with the aim of
applying gsf to large samples of simulated galaxies.
8.2 The multiple components of a MW analogue
The example galaxy at z = 0, g8.26e11 has two distinct discs
(thin and thick), two distinct bulges (classical and pseudo),
and a stellar halo. The stellar mass is approximately dis-
tributed as follows: 21% in the thin disc, 33% in the thick
one, 25% in the classical bulge, 14.5% in the pseudo one,
and 6.5% in the stellar halo. Therefore, this galaxy has a
dynamical disc–to–total ratio of 0.54. By comparison the
Milky Way is thought to have a disc-to-total ratio of 0.70
(e.g. Bland-Hawthorn & Gerhard 2016).
Adopting as vantage point a position similar to the
Sun’s in the MW, g8.26e11 is remarkably similar to the
Galaxy. The total circular velocity for R > 5 kpc of this sim-
ulated galaxy passes through the observational derived data
points for the MW of Kafle et al. (2012), Reid et al. (2014)
and Lo´pez-Corredoira (2014) (Figure 5). The thin and thick
discs in the simulations have rotational velocities Vφ at the
Sun’s position (R0 = 8.2 kpc) of 218 and 166 km s
−1, re-
spectively, values which are in very good agreement with
MW observations (e.g. Haywood et al. 2013). The Vφ of the
local stellar halo (Bond et al. 2010) is also well recovered
(Vφ ≃ 48 km s−1). At R0, the vertical velocity dispersions
of the thin and thick discs are 29 and 73 km s−1, respec-
tively, values close to the upper limits found for the MW
(Binney 2012; Robin et al. 2017).
Seen as an extragalactic object, the kinematic thin disc
has a flat rotation profile vlos ≃ 174± 5 km s−1 and a small
and approximately constant with radius vertical velocity dis-
persion σz ≃ 27 ± 6 km s−1 (Figure 6). Its flattening mea-
sured from the eigenvalues of the inertia tensor is ∼ 0.85,
where one corresponds to a razor thin disc and zero to a
perfect spheroid. The thick disc, on the other hand, has a
declining rotation curve, lagging ∼ 50 km s−1 behind the
thin disc at all radii, and a significantly larger velocity dis-
persion (∼ 80 km s−1 at an edge-on projected radius of
∼ 2.5 kpc) that declines ∼linearly with radius. The flatten-
ing of the thick disc is ∼ 0.65. The galaxy as a whole has a
large central vertical velocity dispersion (σz ≃ 120 km s−1)
due to the presence of the classical and pseudo bulges.
The simulated galaxy also nicely exemplifies the differ-
ences in the various velocities used to judge simulated and
observed galaxies. The simulated galaxy in this study has
Vc > Vφ > vlos at all radii. The stellar component whose
Vφ and vlos are the closest to the total circular velocity is
the thin disc. Though the cold gas Vφ of this galaxy traces
very well Vc ouside of the bulge region, its vlos is signif-
icantly lower. These findings strongly suggest that circular
velocities of external galaxies, constructed from observed ve-
locities corrected for inclination effects, can be significantly
underestimated.
Contrary to expectations, both types of discs show stel-
lar surface mass density profiles more centrally concentrated
than pure exponentials (Figure 7). On the other hand, the
surface mass density of the classical and pseudo bulges, and
of the stellar halo are exponential. The flattening for the
classical and pseudo bulges are closer to spherical symme-
try, ∼ 0.20 and ∼ 0.45, respectively. Basically, the kinematic
stellar structure we call classical bulge has all the expected
properties, except the mass density profile. It is compact, al-
most spherically symmetric, has no net rotation and is made
of old stars. This finding raises interesting questions regard-
ing the nature of classical bulges, as derived from galaxy
photometry, which predict high Se´rsic indices (nS > 2) for
this type of stellar structures.
The star formation history and the stellar mass as-
sembly history of this galaxy (Figure 9) are similar to the
observational derived ones for a Milky Way mass galaxy
(van Dokkum et al. 2013). Breaking down the total SFR
into the contributions from the five components, we find
that the dispersion dominated structures (the two bulges
and the stellar halo) formed most of their stars at high red-
shift (z > 1), the peaks in their SFRs occurring at z ∼ 3.
The thick disc has a very extended SFR with a quite flat
peak (∼ 5 M⊙yr−1) between z ∼ 2.5 and z ∼ 1.5, while the
thin disc forms its stars at a constant rate of ≃ 1.5 M⊙yr−1
between z ≃ 2.5 and z = 0. Globally, this galaxy formed
half of its stars by z1/2 = 1.46. The half stellar mass forma-
tion redshifts, z1/2, for the five structures form a sequence,
with z1/2 = 2.15, 2.13, 1.79, 1.35, and 0.57 for the stellar
halo, classical bulge, pseudo bulge, thick disc and thin disc,
respectively.
One of the major benefits of our method is that it al-
lows to study the formation histories of these various struc-
tures by tracing back in time the Lagrangian mass of each
one of them separately. Actually, this should be a rela-
tively straightforward analysis in any particle-based simu-
lation code. In this manner, for example, we can quantify
precisely the loss of angular momentum between the epoch
of dark matter halo turn-around and z = 0 for each stellar
kinematic structure. For this particular galaxy, the thin disc
material loses the smallest fraction of its maximum angular
momentum (∼ 60 per cent), while the classical bulge loses
the most (∼ 95 per cent). Similarly, the z = 0 dark mat-
ter halo only loses ∼ 30 per cent of its maximum angular
momentum. By plotting the evolution of the various param-
eters, such as half mass radius, shape, rotational support
and/or specific angular momentum, for each stellar kine-
matic component as well as for the dark matter halo, it is
possible to identify the important epochs in the formation
of the galaxy (Figure 10). In this way we found the turn-
around-redshift for this galaxy to be zturn ∼ 3, while the
virialisation of its dark matter halo ends by zvir ∼ 1.3. For
all stellar components as well as for the dark matter halo
the biggest loss of angular momentum occurs between these
two epochs.
At high redshifts all five stellar kinematic components
display a filamentary spatial structure, which vanishes first
for the dispersion dominated structures, and lastly for the
rotation dominated ones (Figure 11). The two bulges of this
galaxy formed in-situ all their stars, while the thick disc
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accretes 8% and forms in-situ the rest. The thin disc has
also a small fraction of accreted stars of 2%. The thick stellar
disc of this simulated galaxy forms thick (Brook et al. 2004).
The stellar halo has a different assembly history than the
other four components, at least half of its stellar mass being
formed in small satellites that subsequently get incorporated
to the progenitor galaxy and are tidally destroyed in this
process. A significant fraction (55%) of this galaxy’s stellar
halo is, however, formed in-situ (e.g. Cooper et al. 2015).
8.3 Ongoing and future gsf applications
Finally, we like to anticipate that in an accompanying paper
(Obreja et al. 2018) we extend the analysis presented here
to a larger set of 25 NIHAO galaxies, in a first attempt
to constrain the formation patterns of stellar substructures
like thin/thick discs, classical/pseudo bulges, stellar haloes,
inner stellar discs and stellar spheroids.
Recent years have seen big advances in the field of high
resolution galaxy simulations, resulting in ever more real-
istic galaxies. However, the various groups active in this
field use simulation codes which employ different implemen-
tations for the sub-grid physics. Therefore, it is very im-
portant to understand what are the detailed differences be-
tween these codes in terms of the fine structure of galaxies,
so that by comparing with observational data the models
of galaxy formation can be improved. In this perspective,
the new generation of zoom-in cosmological simulations with
very high resolutions (e.g. Grand et al. 2017; Hopkins et al.
2017; Buck et al. 2018) are an ideal laboratory to study the
emergence of the galactic stellar structures. For these rea-
sons, we think that our analysis pipeline would open the
path to a better understanding of stellar structures forma-
tion if applied in a consistent way to the wealth of cur-
rent and future high-resolution zoom-in simulations. To fos-
ter such studies, we thus make gsf publicly available at
https://github.com/aobr/gsf.
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